Room-temperature x-ray diffraction to 60 GPa yields zero-pressure bulk modulus values of K 67 ϭ238 Ϯ3 GPa and K 37 ϭ172Ϯ3 GPa for nanocrystalline ␥-alumina (Al 2 O 3 ) with particle sizes of 67 and 37 nm, respectively. Combined with the results of previous high-pressure x-ray studies of 20 and 6 nm nanocrystalline Al 2 O 3 , it is found that compressibility increases with decreasing particle size. A new phase was detected at pressures above 51 and 56 GPa for ␥-Al 2 O 3 of 67 and 37 nm, respectively.
INTRODUCTION
The study of nanocrystalline materials with dimensions less than ϳ100 nm is an active area of research in physics, chemistry, and engineering. 1, 2 Nanocrystals have large surface-to-volume ratios, and surface effects take on a significance that is normally inconsequential for bulk materials. The small volume can confine free carriers, allowing observation of quantum behavior. While of immense intrinsic interest, the study of nanocrystals is also propelled by technological promise. Various physical properties such as hardness, melting temperature, sintering ability, and electronic structure may be dependent upon particle size. [3] [4] [5] Additionally, the barrier height between two phases of a material has been found to depend on the size of the nanocrystal. 6 That nanomaterials may display novel or enhanced properties compared to traditional materials opens up possibilities for new technological applications.
There have been numerous studies on the relationship between the size of nanocrystals and their properties. It has been reported that the melting temperature decreases with decreasing particle size, 5 for example, but the effect of particle size on the stability of crystalline phases appears to be more varied. [6] [7] [8] [9] [10] [11] Some nanocrystals show elevated phase transition pressures with decreasing particle size 7,9,12 while others exhibit reduced phase transition pressures with decreasing particle size. 13, 14 Whereas the elevation of nanocrystal transition pressures is explained in terms of surfaceenergy differences between the phases involved, it is suggested that a larger volume change, for the nanocrystal, upon the transition can reduce the phase-transition pressure. To increase the amount of experimental information available on structural stability as well as to explore the relationship between the size of a particle and its equation of state, nanocrystalline alumina has been studied.
Alumina is one of the most important ceramics, having applications ranging from electronics to lasers. Although ␣-alumina is the thermodynamically stable phase of bulk Al 2 O 3 under a wide range of pressures and temperatures, recent theoretical and experimental work has determined that under high pressure and temperature, ␣-Al 2 O 3 converts to the Rh 2 O 3 ͑II͒ structure. [15] [16] [17] The structural change is of significance in broadening our understanding of the properties of Al 2 O 3 . Molecular dynamic simulations indicate that the ␥-phase of alumina, which crystallizes in the defect spinel structure, may be the thermodynamically stable phase of Al 2 O 3 for specific surface areas greater than ϳ175 m 2 /g, the ␥ phase being stabilized compared to the ␣ phase because it has a lower surface free energy. 18, 19 Spherical alumina particles of such high specific surface area would have diameters less than 10 nm. Recent heat-capacity measurements on nanocrystalline ␣ and ␥ alumina suggest that the higher energy for the ␣ phase may be due to a few high-energy surface sites. 19, 20 ␥-Al 2 O 3 is widely used in technology as a catalyst, catalyst carrier, absorbent, coating, and soft abrasive because of its fine particle size and catalytic activity. Many approaches of synthesis, such as microwave sintering, plasma-assisted sintering, and high-pressure sintering, have been explored in order to produce highly dense ␥-Al 2 O 3 without excessive grain growth. [21] [22] [23] High-pressure sintering provides an attractive opportunity to obtain fully dense nanocrystalline alumina. 24 The high-pressure compaction of nanophase ␥-alumina has recently been studied up to pressures of 4.5 GPa and temperatures of up to 870°C in order to better understand the sintering process.
25 Using x-ray diffraction, 20 nm particles of ␥ alumina have been studied up to 3.8 GPa, and 6 nm particles have been studied up to 30 GPa. 26, 27 No new phases were observed and equations of state were obtained for both sizes of particles. In the present article, we report on x-ray diffraction experiments performed up to a pressure of 60 GPa to measure the compressibility of nanocrystalline ␥-Al 2 O 3 as a function of particle size.
EXPERIMENT
In separate experiments, nanocrystalline ␥ alumina, with average particle sizes of 67 and 37 nm ͑Nanophase Technologies Corporation, IL͒ was compressed quasihydrostatically to pressures up to ϳ60 GPa, in a Mao-Bell type diamond anvil cell, at room temperature. 28 A spring-steel gasket, with a chamber having a diameter of 120 m, was used to contain the sample between diamonds having 350 m culets. A 4:1 mixture of methanol:ethanol was used as a pressure-transmitting medium in order to maintain a quasihydrostatic environment. In addition, a small amount of gold powder ͑Ͻ2%͒ was included to determine the pressure, using the equation of state of gold. 29 Energy-dispersive x-ray diffraction was performed at beamline X17C of the National Synchrotron Light Source ͑NSLS͒, with a 2 of 9.958 Ϯ0.002°and 10.011Ϯ0.002°for experiments on 67 and 37 nm ␥ alumina, respectively. The x-ray beam produced by the superconducting wiggler at NSLS was typically apertured to ϳ20ϫ20 m. X-ray diffraction patterns were collected at pressure intervals of several GPa. Due to the low x-ray scattering power of alumina, the diffraction patterns have a relatively low signal-to-noise ratio even with data collection times of 1-2 h per pattern.
RESULTS AND DISCUSSION
The evolution of diffraction patterns with pressure is shown in Fig. 1 for the 67 nm particles. The patterns from 37 nm particles are similar, and the 311, 222, 400, and 440 x-ray diffraction lines were obtained from both sized nanocrystals of ␥ alumina. The pressure dependence of the d spacings and the unit cell volume from 0 to ϳ50 GPa is summarized in Figs. 2-4 . We determined the lattice parameter of ␥ alumina at each pressure, using a weighted average of the d spacings, and analyzed the data in terms of the Birch-Murnaghan ͑Eu-lerian finite strain͒ equation of state
Here, the negative of the Eulerian strain measure f V and normalized pressure F V are defined as
with the unit-cell volume at zero pressure V 0 measured as 493Ϯ2.6 Å 3 . There is no discernable difference in the zeropressure volumes of 67 and 37 nm ␥ alumina.
The intercept and slope of the data cast as F-f yield the bulk modulus K and its pressure derivative KЈ at zero pressure, respectively. Fits to the data yield Kϭ238Ϯ3 GPa and Kϭ172Ϯ3 GPa for quasihydrostatically compressed ␥ alumina of 67 and 37 nm, respectively, with KЈ constrained to be 4 for both cases. For 67 nm particles, fits for K and KЈ yield 248Ϯ6 GPa and 3.2Ϯ0.5, respectively, while K and KЈ for the 37 nm crystallites are 151Ϯ9 GPa and 5.7Ϯ0.6, respectively. For comparison, the bulk modulus of ␣ alumina is 254 GPa, close to the bulk modulus of the 67 nm particles of ␥ alumina. 31 This is remarkable because the unit-cell volume of ␥ alumina is 30% greater than that of ␣ alumina.
The bulk moduli of the 67 and 37 nm particles can be compared with previously reported data on 20 and 6 nm ␥-alumina particles. 26, 27 The volume-pressure data, measured between 0-3.8 GPa for 20 nm particles were fit using both the Birch and first-order Bridgman equations. 23 The Birch 27 Combining the data from the two previous studies with the present work shows that compressibility increases systematically with decreasing particle size from 67 to 20 nm, and is approximately constant between 20 and 6 nm ͑Fig. 5͒. For a correct comparison between all of the data, the value for the bulk modulus of the 6 nm crystallites should be obtained by constraining KЈϭ4, ͑or alternatively, allowing KЈ to float for all of the other data͒, but this result is not available. However, since KЈ is greater than 4, the quoted value of K 6 ϭ152 GPa is greater than the value of K that would be obtained by a fit with KЈ constrained to be 4. Thus, rather than flattening out, as indicated in Fig. 5 , the particle size dependence of the bulk modulus may continue to decrease, with decreasing particle size, between 20 and 6 nm. The lattice parameter does not depend on nanocrystal size, to within our resolution, for the larger particles (a 67 ϭ7.90 Ϯ0.02 Å, a 37 ϭ7.91Ϯ0.01 Å, and a 20 ϭ7.924 Å 26 ͒, however, a comparison of the unit cell lengths of the large crystallites and the 6 nm crystallites indicates that there may be a slight particlesize dependence, with a unit cell length of both a 6 ϭ7.84 and 7.89 Å quoted in Ref. 27 .
There is no simple explanation for the trend in the bulk modulus in terms of interatomic forces. In particular, our measurements are sensitive only to the strain within each nanocrystal, so cannot be due to a compressible intercrystalline region becoming more influential with decreasing crystal size. Nevertheless, in the spirit of the Debye model, increased compressibility is compatible with increased vibrational entropy ͑at a given temperature͒ for decreasing nanocrystal size. This, in turn, would lead to a decreasing melting temperature with decreasing size.
There has been a limited amount of work on the size dependence of the bulk modulus, and no consistent trend has been observed for different materials. From the reported work, some materials exhibit an enhancement of bulk modulus with decreasing particle size, 13, 14 while others show compressibility similar to their bulk counterparts. However, a few contrary examples are also reported: a decrease in bulk modulus with decreasing nanocrystal size may hold true for PbS and CdSe. 32, 33 With hydrostatic compression the diffraction patterns evolve, becoming more complicated at pressures above 50.6 ͑56.3͒ GPa for 67 ͑37͒ nm ␥ alumina. The 400 peak becomes a doublet, and some of the low-intensity peaks are no longer visible ͑Fig. 1͒. By 55 ͑60͒ GPa, additional peaks not due to the ␥ phase of alumina are readily resolvable. The four new peaks have been indexed to a cubic phase which has not been previously identified. The new, high-pressure phase is retained upon decompression to 0 GPa. 11 The fact that the smaller nanocrystals transform at a higher pressure, although they are also more compressible than the larger nanocrystals, is notable in suggesting that the ␥ phase is indeed surface stabilized relative to both the ␣ and the new ͑cubic͒ phase. That is, the strain energy at the transition is about 40% larger for the 37 nm than the 67 nm particles, implying much more stabilization of the smaller ␥-Al 2 O 3 nanocrystals relative to the high-pressure phase as long as the kinetics of transformation are not very different for the two sizes.
CONCLUSION
High-pressure quasihydrostatic x-ray diffraction experiments show that the compressibility of ␥-alumina nanocrystals increases significantly with decreasing crystallite size between 20 and 67 nm. A phase of alumina has been synthesized by quasihydrostatic compression of nanophase ␥ alumina to pressures greater than 51 GPa ͑56 GPa͒ at room temperature for 67 ͑37͒ nm particles. This phase is cubic, but cannot be indexed to any of the known phases of alumina; it represents a new structure of Al 2 O 3 that is quenchable to 0 GPa. Synthesis of this new phase, by using nanocrystalline starting materials, illustrates a novel method for the creation of new crystal structures of common compounds.
